In neurons L-type calcium currents contribute to synaptic plasticity and to activity-dependent gene regulation. The subcellular localization of Ca V 1.2 and its association with upstream and downstream signaling proteins is important for efficient and specific signal transduction. Here we tested the hypothesis that A-kinase anchoring proteins ( 
Introduction
In neurons calcium influx through ligand-and voltage-gated channels causes long-lasting changes of synaptic strength, which underlie learning and memory. NMDA receptor-mediated calcium influx into dendritic spines leads to the rearrangement of the postsynaptic signaling complex and ultimately to the altered surface expression of AMPA receptors. Activation of L-type calcium channels is required to transmit synaptic activity to the regulation of gene expression (Bading et al., 1993; Impey et al., 1996; Graef et al., 1999; Mermelstein et al., 2000; Dolmetsch et al., 2001) . Knock-out of the L-type calcium channel Ca V 1.2 isoform in the neocortex and hippocampus impairs NMDA receptorindependent long-term potentiation (LTP) and spatial memory (Moosmang et al., 2005) . Thus, postsynaptic Ca V 1.2 calcium channels are critical in initiating long-lasting changes in synaptic strength that are dependent on protein synthesis but independent of NMDA receptor activation.
The postsynaptic compartment of excitatory synapses contains two prominent classes of scaffold proteins: PDZ proteins and AKAPs. The postsynaptic density protein-95 (PSD-95) and AKAP79/150 recruit protein kinases and phosphatases to glutamate receptors and are important for the modulation of synaptic strength (Lüscher et al., 1999) . L-type calcium channels also functionally interact with PDZ proteins and AKAPs. The C-terminal PDZ-binding sequence (VSNL) of Ca V 1.2 is essential for L-type calcium current-dependent activation of CREBmediated gene-expression (Weick et al., 2003) . A leucine zipper in the C terminus of Ca V 1.2 binds AKAP79/150. This interaction is important for the reversible phosphorylation of Ca V 1.2 by PKA and calcineurin, and for the signaling to the nucleus through NFATc4 (Oliveria et al., 2007) . Thus, in dendritic spines of hippocampal neurons AKAP79/150 integrates Ca V 1.2 in a signaling complex with the upstream ␤ 2 adrenergic receptor (Hoogland and Saggau, 2004) as well as with downstream signaling proteins (Davare et al., 2001 ).
Furthermore, PDZ proteins control the targeting of voltagegated calcium channels into presynaptic and postsynaptic neuronal compartments (Maximov and Bezprozvanny, 2002; Zhang et al., 2005) , and coexpression of AKAP79/150 promotes membrane expression of Ca V 1.2 in Xenopus oocytes (Altier et al., 2002) . Moreover, strong stimulation of cortical neurons has recently been shown to induce endocytosis of Ca V 1.2 (Green et al., 2007) . Therefore we examined whether interactions with AKAPs and PDZ proteins are necessary for the targeting and stabilization of Ca V 1.2 calcium channels in the postsynaptic compartments of hippocampal neurons, and whether disruption of these scaffolds in dendritic spines affects the distribution or membrane expression of Ca V 1.2.
Three lines of evidence indicate that Ca V 1.2 signaling complexes in dendritic spines of hippocampal neurons are structurally and functionally independent of the glutamate receptor signaling complexes. First, Ca V 1.2 clusters were not colocalized with PSD-95. Second, deletion of known interaction sequences for PDZ proteins and AKAPs did not reduce the density or size of Ca V 1.2 clusters. Third, NMDA-induced disruption of the PSD-95/AKAP scaffold in dendritic spines was not accompanied by the loss of Ca V 1.2 clusters. Together, these results suggest that glutamate receptors and Ca V 1.2 coexist in dendritic spines and interact with common scaffold proteins, but are constituents of separate signaling complexes and their membrane expression is regulated by independent mechanisms.
Materials and Methods
Primary culture of hippocampal neurons. Low-density cultures of hippocampal neurons were prepared from 16.5-d-old embryonic BALB/c mice as described previously (Goslin et al., 1998; Obermair et al., 2003 Obermair et al., , 2004 . Briefly, dissected hippocampi were dissociated by trypsin treatment and trituration. Neurons were plated on poly-L-lysine-coated glass coverslips in 60 mm culture dishes at a density of 3500 cells/cm 2 . After plating, cells were allowed to attach for 3-4 h before transferring the coverslips neuron-side-down into a 60 mm culture dish with a glial feeder layer. Neurons and glial feeder layer were cultured in serum-free Neurobasal medium (Invitrogen) supplemented with Glutamax and B27 supplements (Invitrogen).
Transfection of hippocampal neurons. Plasmids were introduced into neurons on day 6 using Lipofectamine 2000-mediated transfection (Invitrogen) as previously described (Obermair et al., 2004) . For single transfection (p␤A-eGFP) 1 g of DNA, for cotransfection experiments (p␤A-eGFP or eCFP plus HA-tagged constructs) 2 g of total DNA at a molar ratio of 1:2 was used. Cells were stained and analyzed 11-14 d after transfection.
Plasmids. The generation of p␤A-eGFP and p␤A-Ca V 1.2-HA (Ca V 1.2: GenBank accession no. M67515) has been described earlier (Obermair et al., 2004) . pECFP-C1 (BD Biosciences Clontech) was a gift from D. Garczarczyk (Innsbruck Medical University, Innsbruck, Austria). The Ca V 1.2 C-terminal mutants were generated by standard overlapping PCR protocols with specific oligonucleotides carrying a premature stop codon for ⌬VSNL, or three alanine substitutions (I2046A, L2053A, I2060A) for ⌬LZ. These PCRs were performed using pcDNA3-Ca V 1.2 as template. C-terminal cassettes (2.2 kb Sbfi1-NotI fragment) carrying the mutations were sequenced to verify the presence of the desired mutations and then cloned into the p␤A-Ca V 1.2-HA plasmid backbone to generate p␤A-Ca V 1.2-HA(⌬VSNL) and p␤A-Ca V 1.2-HA(⌬LZ). The functional expression of all Ca V 1.2-HA constructs was confirmed using patch-clamp recordings in HEK cells and in dysgenic myotubes (data not shown).
NMDA treatment of hippocampal neurons. NMDA (Tocris) was applied to 18-to 20-d-old neurons in neuronal medium at a final concentration of 25 M for 3 min. Subsequently the cultures were washed with fresh medium and incubated in a 1:1 mix of glia-conditioned and fresh medium for 30 min at 37°C, before processing for immunocytochemistry or labeling with DiIC 16 (Invitrogen). Controls were handled identically but without NMDA.
DiIC 16 labeling. Living neurons were incubated for 1 min in DiIC 16 diluted ϳ5 g/ml in conditioned medium, washed, mounted in PBS, and immediately observed.
Fixation and immunocytochemistry. Neurons were either fixed in 4% paraformaldehyde, 4% sucrose in PBS (pF) at room temperature or in methanol at Ϫ20°C for experiments involving PSD-95 (Rao and Craig, 1997) . Fixed neurons were incubated in 5% normal goat serum (NGS) in PBS containing 0.2% bovine serum albumin (BSA) and 0.2% Triton X-100 (PBS/BSA/Triton) for 30 min. Primary antibodies were applied in PBS/BSA/Triton at 4°C overnight and detected by fluorochromeconjugated secondary antibodies (Obermair et al., 2004) .
Live cell surface labeling. For staining of surface-expressed HA-tagged Ca V 1.2 constructs living neurons were incubated with the rat anti-HA antibody for 30 min at 37°C (Watschinger et al., 2008) . In NMDA experiments this was done during the 30 min post NMDA incubation. Then the cultures were rinsed in HBSS, pF fixed for 10 min, blocked with NGS, and incubated with the secondary antibody for 1 h (Obermair et al., 2004) .
Live cell surface labeling combined with regular immunocytochemistry. For colocalization of surface-expressed Ca V 1.2-HA constructs and cytoplasmic scaffold proteins, live cell-stained neurons were postfixed for 5 min in pF (for AKAP79/150 and ␣-actinin) or in methanol (for PSD-95). Then neurons were rinsed in PBS, permeabilized, and blocked again with 5% NGS in PBS/BSA/Triton and subsequently incubated with the second primary antibody overnight at 4°C. After washing, the Alexa 488-conjugated secondary antibody was applied for 1 h at room temperature. Coverslips were then washed and mounted in p-phenylene-diamineglycerol to retard photobleaching (Flucher et al., 1993) . Preparations were analyzed on an Axiophot or an Axiovert 200M microscope (Carl Zeiss) using a 63ϫ, 1.4 NA objective. Images were recorded with a cooled CCD camera (SPOT; Diagnostic Instruments) and Metavue image processing software (Universal Imaging).
Antibodies. Primary antibodies: rabbit anti-AKAP79/150 (4361J, polyclonal, generously supplied by Dr. Yvonne Lai, ICOS, Bothell, WA, 1:8000); mouse anti-␣-actinin (monoclonal, clone EA-53, Sigma; 1:10,000); rat anti-HA (monoclonal, clone 3F10, Roche Diagnostics, 1:100); mouse anti-PSD-95 (monoclonal, clone 6G6 -1C9, Affinity Bioreagents, 1:1000). Secondary antibodies: goat anti-mouse Alexa 488 (1:2000), goat anti-rabbit Alexa 488, and goat anti-rat Alexa 594 (Invitrogen, 1:4000).
Quantification of the density and fluorescent intensity of Ca V 1.2-HA clusters. Fourteen-bit gray-scale images of the red (HA) and green (eGFP) channel were acquired. Corresponding images were aligned in an image stack and one dendritic segment of 10 -15 m length was selected for analysis. Using the eGFP image as reference, ROIs were drawn around the shaft and the adjacent regions containing the spines. The shaft area was measured and the number of spines was counted. The Ca V 1.2-HA image was background-flattened (MetaMorph software, Universal Imaging) and thresholded to trace the fluorescent clusters as accurately as possible. Using the integrated morphometric analysis option of MetaMorph, the number of clusters was counted and their average gray values were determined and corrected for background fluorescence.
Quantification of colocalization of Ca V 1.2-HA clusters with ␣-actinin, AKAP79/150, and PSD-95 in dendritic spines. Fourteen-bit gray-scale images of the red (HA) and green (␣-actinin, AKAP79/150, and PSD-95) channel were acquired. Corresponding images were 2D-deconvolved (MetaMorph), aligned, and background subtracted. A ROI was drawn around the region containing the dendritic spines along a dendritic segment of 20 -50 m length. Colocalization was analyzed using the distance based colocalization method, which is part of the JACoP plugin (Bolte and Cordelières, 2006) Quantification of fluorescent intensity in dendritic spines and shafts. To calculate the spine/shaft ratio, a line was placed through the spine and the adjacent shaft region in the eGFP image, along which background-subtracted intensities were recorded in the eGFP and the corresponding immunofluorescence image (cf. Fig. 1 ). The threshold for determining average intensities of the spine and shaft was set to 68% of eGFP fluorescence between the minimum intensity value of the line scan and the maximum of each peak.
Statistical analysis. Absolute values of all the measurements were expressed as percentage of control. Statistical significance was calculated using the t test (Microsoft Excel) on normalized data. Analyses were performed on 15-25 neurons from at least two different experiments and at least two separate culture preparations. All data are reported as mean Ϯ 95% confidence interval. Graphs and figures were generated using Origin 7 and Adobe Photoshop 8.0 software.
Results
The distribution of Ca V 1.2 clusters in the membrane of hippocampal neurons overlaps with AKAP79/150 but is distinct from that of PSD-95 and ␣-actinin AKAP79/150, PSD-95, and ␣-actinin are all constituents of dendritic spines. AKAP79/150 and ␣-actinin were reported to interact with the Ca V 1.2 calcium channel (Hall et al., 2007; Oliveria et al., 2007) (J. W. Hell, personal communication) . PSD-95 is a marker of the postsynaptic signaling complex of glutamatergic synapses and recruits AKAP79/150 and the associated protein kinases and phosphatases to the postsynaptic density. If any one of these scaffold proteins participates in the Ca V 1.2 signaling complex in hippocampal neurons it is expected to be colocalized with this channel. We used doubleimmunofluorescence labeling to determine the distribution patterns of AKAP79/ 150, PSD-95, and ␣-actinin in the somatodendritic compartment in differentiated cultured mouse hippocampal neurons. Figure 1 A shows that AKAP79/ 150 is widely distributed throughout the neurons, whereas PSD-95 is confined to discrete puncta along the dendrites and on the soma. A magnified dendritic segment reveals that AKAP79/150 and PSD-95 colocalize in the spine heads, where PSD-95 marks the site of the glutamatergic synapse ( Fig. 1 B) . In the dendritic spines AKAP79/ 150 reaches its highest concentrations and its distribution usually exceeds that of PSD-95 clusters in that it fills the entire spine. In addition AKAP79/150 but not PSD-95 is found in the spine neck and in dendritic shafts (Fig. 1C) . ␣-Actinin also shows a clustered distribution pattern in many neurons (Fig. 1 D) . However, in contrast to AKAP79/150 and PSD-95, ␣-actinin clusters are typically excluded from the spine head but enriched in the spine necks and along the shafts of the dendrites ( Fig. 1 E, F ). This distribution is consistent with dense ␣-actinin labeling of the spine apparatus in the necks of spines demonstrated by immunogold staining in electron microscopic sections by Wyszynski et al. (1998) (see Fig. 6C ); although in addition these authors also find ␣-actinin in the postsynaptic density. Whereas AKAP79/150 and PSD-95 were restricted to the somatodendritic compartment, ␣-actinin was also found in the axon, where it often accumulated in the axon hillock ( Fig. 1 D, arrowhead) .
Previously we demonstrated that Ca V 1.2 exists in small clusters that are distributed along the dendritic shafts and in the heads and necks of dendritic spines (Obermair et al., 2004; Szabo et al., 2006) . To determine which of the three scaffold proteins actually coexist with Ca V 1.2 in differentiated hippocampal neurons, we compared the distribution patterns of AKAP79/150, PSD-95, and ␣-actinin directly with that of Ca V 1.2 membrane clusters. For this purpose hippocampal neurons were transfected with a Ca V 1.2 construct containing an HA-tag in the extracellular loop immediately after the transmembrane helix IIS5. Before fixation and permeabilization the living cells were incubated with an HA antibody, which under these conditions exclusively stained Ca V 1.2-HA expressed in the plasma membrane (see Obermair et al., 2004) . Subsequently the neurons were fixed, permeabilized, and labeled with the antibodies against AKAP79/150, PSD-95, and ␣-actinin. AKAP79/150 indicated that most of the Ca V 1.2-HA clusters coincided with this scaffold protein both in the dendritic shafts and in spines (Fig. 2 B) . This was to be expected because of the high abundance of AKAP79/150 label throughout the dendritic arbor. Accordingly, we also observed spines containing AKAP79/150 but no Ca V 1.2-HA clusters, and rarely spines in which the Ca V 1.2-HA clusters did not overlap with AKAP79/150 (Fig. 2 B) . Double labeling with PSD-95 demonstrated that Ca V 1.2-HA clusters are not localized in the postsynaptic densities (Fig. 2C) . Whereas PSD-95 clusters were located along both sides of the dendrite, presumably at the tips of the spines, the majority of Ca V 1.2-HA clusters was located in between. Some spines that were identified by their PSD-95 clusters did not contain calcium channel clusters. However, even when Ca V 1.2-HA and PSD-95 coexisted on a spine their clusters did not coincide, rather were located adjacent to each other with different degrees of overlap (Fig. 2C , high-magnification examples). Double labeling of Ca V 1.2-HA with ␣-actinin revealed that these two proteins were clearly separate from each other (Fig. 2 D) . Whereas the Ca V 1.2-HA clusters were found on dendritic shafts and spines, ␣-actinin was mostly concentrated in the neck of the spines and only rarely coincided with Ca V 1.2-HA clusters (Fig. 2 D) . These observations were further supported using a distance-based colocalization analysis. This method indicates the percentage at which the centroids of Ca V 1.2-HA clusters coincide with clusters of the corresponding protein. Consistent with our qualitative observation, the highest value was obtained with AKAP79/150 (68 Ϯ 3% SEM, n ϭ 11), and the lowest degree of overlap with ␣-actinin (53 Ϯ 4%, n ϭ 6). The value for PSD-95 (61 Ϯ 6%, n ϭ 7) was not significantly different from the other two, but fell in been those for AKAP79/150 and ␣-actinin. Mutation of C-terminal interaction domains for AKAP79/150 and PDZproteins, respectively, does not alter the distribution and size of Ca V 1.2-HA clusters in hippocampal neurons The C terminus of Ca V 1.2 contains binding sites for AKAP79/150 and for PDZ proteins (Weick et al., 2003; Oliveria et al., 2007) . Based on the colocalization (see above) and previous functional studies (Oliveria et al., 2007) , AKAP79/150 is a potential interaction partner of Ca V 1.2 in hippocampal neurons. Furthermore, coexpression of AKAP79/150 in oocytes promoted functional membrane expression of Ca V 1.2-HA (Altier et al., 2002) . Therefore we hypothesized that AKAP79/150 may be involved in the targeting and/or anchoring of Ca V 1.2 in dendrites of hippocampal neurons. To test this we mutated the three nonpolar amino acids of the modified leucine zipper in the C terminus of Ca V 1.2-HA into alanines (Fig. 3B) . This mutation has previously been demonstrated to abolish AKAP79/150 binding (Oliveria et al., 2007) . When channels with the mutated leucine zipper [Ca V 1.2-HA(⌬LZ)] were expressed in hippocampal neurons, the expression pattern was indistinguishable from that of wild-type Ca V 1.2-HA (Fig. 3A) . Ca V 1.2-HA(⌬LZ) clusters were found in dendritic shafts and spines at the same density as those of Ca V 1.2-HA. Also, the intensity of the clusters, which corresponds to the number of channels per cluster, was not altered by the mutation of the AKAP79/150 binding site (Fig. 3C) .
The C-terminal PDZ binding sequence is essential for downstream signaling to activate gene expression and it was suggested that these interactions may also be involved in the targeting of L-type calcium channels to distinct intracellular scaffolding and signaling proteins (Weick et al., 2003) . However, the PDZ protein interacting with Ca V 1.2 channels in neurons remains unknown. To examine whether interactions with PDZ proteins are required for the correct targeting and anchoring of Ca V 1.2-HA in hippocampal neurons, we deleted the VSNL sequence in Ca V 1.2-HA (Fig. 3B) . Similar deletions of the PDZ binding domains of Ca V 1.3 and Ca V 2.2 channels had been reported to alter the subcellular distribution of these channels in neurons (Maximov and Bezprozvanny, 2002; Zhang et al., 2005) . In contrast, the data presented in Figure 3A demonstrate that expression of Ca V 1.2-HA(⌬VSNL) in hippocampal neurons showed similar distribution patterns as the wild-type Ca V 1.2-HA. Unexpectedly, the density of Ca V 1.2-HA(⌬VSNL) clusters even showed a modest but statistically significant increase in dendritic spines and shafts (Fig. 3C) , and, at least in the shafts, also the intensity of the fluorescence clusters increased. Figure 4 provides a direct comparison of these mutant calcium channels with AKAP79/150 and PSD-95, respectively. Double labeling of membrane incorporated Ca V 1.2-HA(⌬LZ) and AKAP79/150 revealed the same relationship as shown before for the wild-type Ca V 1.2-HA (compare Fig. 2 B) . Ca V 1.2-HA(⌬LZ) clusters overlap with the AKAP79/150 stain in the shafts and spines of dendrites. Similarly, the double labeling pattern of Ca V 1.2-HA(⌬VSNL) with PSD-95 closely resembled that shown for wild-type Ca V 1.2-HA and PSD-95 (compare Fig. 2C ).
Ca V 1.2-HA(⌬VSNL) clusters were not colocalized with PSD-95 clusters but were frequently found adjacent to them in dendritic spines. Thus, mutation and deletion of Ca V 1.2 sequences known to interact with AKAP79/150 and PDZ proteins, respectively, did not abolish the characteristic subcellular distribution of the calcium channel constructs or their spatial relationship with the scaffold proteins in dendrites of hippocampal neurons. On the contrary, deletion of the PDZ binding sequence even increased the density and size of the calcium channel clusters. Moreover, deletion of the binding sites for AKAP79/150 and PDZ proteins in Ca V 1.2-HA did not affect the distribution of the corresponding scaffold proteins in the dendritic shafts and spines.
NMDA-induced removal of AKAP79/150 and PSD-95 from dendritic spines does not disrupt Ca V 1.2 clusters in dendritic spines
The observation that deletion of the binding sites for either AKAP79/150 or PDZ proteins did not hamper normal targeting and distribution of Ca V 1.2-HA in hippocampal neurons, did not exclude the possibility that interactions of these scaffold proteins with additional or alternative binding sites are required for the targeting and immobilization of Ca V 1.2 in dendrites. If this was the case, then disruption of the postsynaptic scaffolds containing AKAP79/150 and PDZ proteins should also disrupt the postsynaptic calcium channel clusters. Brief application of NMDA has been used to induce chemical LTD (Lee et al., 1998) . This process involves the disruption of the actin cytoskeleton in dendritic spines, the relocation of AKAP79/150 from the spine into the shafts of dendrites, and the ubiquitin-dependent degradation of PSD-95 in the proteasome. As a result AMPA receptors are removed from the postsynaptic membrane and the efficacy of glutamatergic synaptic transmission is reduced (Colledge et al., 2003) . Here we used this experimental paradigm to test for the potential involvement of AKAP79/150, ␣-actinin, and PSD-95 in the stabilization of Ca V 1.2-HA in spines. We reasoned that if anyone of these scaffold proteins or their concerted action was necessary for anchoring Ca V 1.2-HA in dendritic spines, their NMDA-induced removal or degradation should be accompanied by a disruption of the Ca V 1.2-HA clusters.
First we analyzed the effect of NMDA on AKAP79/150, ␣-actinin, and PSD-95 in our culture system. Figure 5 compares the distribution of these scaffold proteins in hippocampal neurons 30 min after NMDA treatment with their distribution in mocktreated control neurons. The double-immunofluorescence images of the control neurons show the same distribution patterns as seen in the untreated cultures ( Fig. 5A,B; compare Fig. 1 ). Most importantly, AKAP79/150, ␣-actinin, and PSD-95 were all found in the dendritic spines. In contrast, after NMDA treatment the labeling patterns of all three scaffold proteins had undergone striking and characteristic changes. Consistent with previous reports (Smith et al., 2006) , AKAP79/150 and ␣-actinin became concentrated in the shafts of the dendrites (Fig. 5A,B) . In many neurons spines labeled with AKAP79/150 or ␣-actinin were no longer visible. In parallel, PSD-95 clusters disappeared from the dendritic spines (Fig. 5A ) (Colledge et al., 2003; Smith et al., 2006) . Nevertheless, labeling of the membrane with the fluorescent lipid marker DiIC 16 demonstrated that spines were still present after NMDA treatment (Fig. 5C ). Furthermore, NMDA-induced removal of AKAP79/150 and PSD-95 from dendritic spines was directly visualized in neurons transfected with soluble eGFP. Whereas in control cells clusters of the scaffold proteins coexisted with eGFP in the spine heads, in NMDA-treated neurons eGFP labeled spines were devoid of AKAP79/150 and PSD-95 (Fig. 5D) . We quantified the NMDA induced disruption of AKAP79/150 and PSD-95 clusters in the dendritic spines by measuring the ratio of the fluorescence intensity in the spines and the adjacent segment of the shaft of the dendrite. The spine/shaft ratio of eGFP showed little change upon NMDA treatment, indicating that the spines themselves were still intact. However, as expected from the qualitative analysis the spine/shaft ratios for AKAP79/150 and PSD-95 were dramatically reduced to 31.6% and 17.2% of control values, respectively. Thus, the applied NMDA protocol caused the removal of AKAP79/150, ␣-actinin, and PSD-95 from dendritic spines without inducing a retraction of the spines.
To examine potential effects of NMDA-induced disruption of scaffold proteins on the Ca V 1.2 calcium channels in the spines, hippocampal neurons were transfected with Ca V 1.2-HA plus CFP, and then exposed to NMDA as described above. To specifically label the Ca V 1.2-HA inserted into the plasma membrane the living neurons were incubated with anti-HA before fixation. Figure 6 A shows dendritic segments of triple labeled neurons. In the controls the CFP-labeled shaft (blue) is flanked by AKAP79/ 150-containing spines (green), some of which contain clusters of Ca V 1.2-HA (red/yellow, arrowheads). In NMDA-treated neurons the AKAP79/150 label was concentrated in the shaft (resulting in a reduction of green spines and in a turquoise color in the shaft), whereas the Ca V 1.2-HA clusters (red) persisted in the shows that, compared with mock-treated neurons (control), the number and intensity of PSD-95 clusters (red/yellow) was greatly reduced. AKAP79/150 (green) was absent from the spines and concentrated in the dendritic shafts. B, Double immunolabeling of AKAP79/150 and ␣-actinin shows that also ␣-actinin (red/yellow) was absent from the spines and concentrated in large patches in the dendritic shafts. C, Control and NMDA-treated neurons stained with the fluorescent lipid probe DiIC 16 reveal that 30 min after NMDA treatment the dendritic spines were still present. D, The extent of the NMDA-induced rearrangement of AKAP79/150 and the loss of PSD-95 was quantified in eGFP-transfected neurons. NMDA treatment reduced the ratios of the fluorescence intensities in spines and shafts to 31.6 Ϯ 4.7% for AKAP79/150 (control n ϭ 20, NMDA n ϭ 21; N ϭ 2) and to 17.2 Ϯ 11.9% for PSD-95 of controls (control n ϭ 18, NMDA n ϭ 15; N ϭ 2). In the same dendrites the spine/shaft ratios for eGFP were not dramatically reduced. Bar graphs: mean Ϯ 95% C.I., *p ϭ 0.011, **p Ͻ 0.0005. Scale bars: A-C, 5 m; D, 0.5 m.
spines. Quantification of the triple-labeled neurons confirmed that Ca V 1.2-HA clusters withstood NMDA treatment (Fig.  6 B) . Neither the overall number of Ca V 1.2-HA clusters, expressed as the mean density of clusters, nor the number of channels per cluster, expressed as the mean fluorescent intensity of the Ca V 1.2-HA clusters, decreased on NMDA treatment. On the contrary, both values actually showed a slight increase. This finding was further substantiated by separately analyzing the density and intensity of clusters in the spines and the shafts of neurons labeled with eGFP and anti-HA (Fig. 6C) . The number and size of Ca V 1.2-HA clusters was not reduced in the spines, which lost all three analyzed scaffold proteins, nor were they changed in the shafts, where AKAP79/150 and ␣-actinin were now concentrated. Together the data presented in Figures 5 and 6 demonstrate that NMDA-induced disruption of postsynaptic scaffolds in spines is not accompanied by a loss or shrinking of Ca V 1.2-HA clusters.
Discussion
The results described above clearly demonstrate that neither an interaction with AKAP79/150 nor interactions of the C-terminal VSNL sequence with PDZ proteins are required for the targeting and localization of Ca V 1.2 calcium channels in dendrites of hippocampal neurons. The distribution, density, and the fluorescence intensity of Ca V 1.2-HA clusters in dendritic spines and shafts remained unaltered when the known interaction domains for these scaffold proteins-the C-terminal leucine zipper and VSNL, respectively-were mutated, or when the AKAP79/150 and PSD-95 scaffolds in spines were disrupted in response to pharmacological NMDA receptor activation. AKAP79/150 is the major AKAP protein in neurons, where it is widely distributed and has been shown to anchor protein kinases and other signaling proteins to multiple receptors and ion channels (for review, see Bauman et al., 2004) . It is concentrated in the dendritic spines and recruits the protein kinase A (PKA) and the protein phosphatase 2B (calcineurin) to the AMPA receptor (Colledge et al., 2000) . In neurons AKAP79/150 also associates with Ca V 1.2 (Hall et al., 2007) . It recruits PKA and calcineurin to the channel and is necessary for the ␤-adrenergic stimulation of L-type calcium currents (Hall et al., 2007) as well as for the L-type calcium current-mediated activation of the transcriptional regulator NFATc4 (Oliveria et al., 2007) . This dual role of AKAP79/150 is consistent with its colocalization with both Ca V 1.2 and PSD-95 in dendritic spines of hippocampal neurons. Three different binding sites for AKAP79/150 were described in the N terminus, the cytoplasmic loop connecting repeats I and II, and in the C terminus of Ca V 1.2 (Hall et al., 2007) . The C-terminal leucine zipper was shown to be essential for AKAP binding and for ␤-adrenergic stimulation and reversible phosphorylation of Ca V 1.2 in heart muscle and in neurons (Hulme et al., 2003; Oliveria et al., 2007) . Mutation of the three basic residues of this motif blocked AKAP79/150 and PKA binding and phosphorylation of the Ca 2ϩ channel in response to ␤-adrenergic stimulation (Oliveria et al., 2007) . Therefore it was reasonable to expect that the same mutations in the C-terminal leucine zipper would also inhibit any other AKAP79/150-dependent effects on the channel, including those on membrane expression or targeting of Ca V 1.2. Altier et al. (2002) demonstrated that in oocytes AKAP79 directly regulated the surface expression of Ca V 1.2. Our present findings, showing that mutation of the leucine zipper or NMDA-induced removal of AKAP79/150 from dendritic spines did not alter the distribution pattern or the size of the Ca V 1.2-HA clusters, indicate that in neurons the interactions of AKAP79/150 with the C-terminal leucine zipper or with any other sequences are not essential for anchoring Ca V 1.2-HA at postsynaptic sites. This conclusion is consistent with functional data from AKAP79/150 siRNA exper- iments (Oliveria et al., 2007) . Knock-down of AKAP79/150 blocked the effects on channel phosphorylation and current modulation, but did not result in decreased basal L-type Ca 2ϩ currents, suggesting that the total number of functional channel in the membrane was not altered. Apparently the role of AKAP79/150 with respect to the L-type calcium channel is to recruit upstream and downstream signaling proteins to the channel, but AKAP79/150 itself is not important for targeting Ca V 1.2 into the signaling complex. Interestingly, the ties of AKAP79/150 with the Ca V 1.2 channel are not strong enough to retain detectable amounts of AKAP79/150 at the channel clusters upon strong NMDA receptor activation. Hell et al. (1996) demonstrated that NMDA treatment causes proteolytic cleavage of the C terminus of Ca V 1.2. One possibility is that cleavage of the C terminus directly leads to the redistribution of AKAP79/150 together with the Ca V 1.2 C terminus into the dendritic shafts, while the distribution of the truncated calcium channels in the spines remains unaltered. However, at least in cardiac myocytes the cleaved C terminus appears to remain associated with the channel complex in the membrane (Gao et al., 1997) .
Another candidate for targeting and anchoring of the Ca V 1.2 calcium channel in the postsynaptic compartment is the interaction of its C-terminal VSNL sequence with PDZ proteins. When expressed in hippocampal neurons an eGFP-VSNL fusion protein showed a distribution pattern similar to that of Ca V 1.2, and it specifically attenuated L-type calcium channel-induced CREB phosphorylation and CRE-dependent transcription (Weick et al., 2003) . A truncated Ca V 1.2 construct in which VSNL was lacking had the same effect, although its overall distribution in the somatodendritic compartment was the same as that of the full-length Ca V 1.2. Thus, the authors speculated that differences in their localization may exist at the subcellular level (Weick et al., 2003) . Here we analyzed the subcellular distribution specifically of membrane incorporated Ca V 1.2-HA with and without the VSNL sequence. Unexpectedly, the deletion of VSNL did not result in an altered distribution or a reduction of membrane expression. On the contrary, the density of Ca V 1.2-HA(⌬VSNL) clusters in the shafts and spines of dendrites as well as their fluorescence intensity, which is a measure of channel number per cluster, were slightly increased compared with the control. Therefore, interactions of VSNL with PDZ-proteins may be important for L-type calcium current-dependent signaling to CREB, but are not necessary for the correct targeting of Ca V 1.2-HA in dendrites of hippocampal neurons. In this regard the role of the PDZ ligand of Ca V 1.2 differs from that of Ca V 1.3, which has been reported to be important for the insertion of this L-type channel into postsynaptic sites (Zhang et al., 2005) , and from that of Ca V 2.2, which has been reported to be necessary and sufficient for the targeting of N-type calcium channels into presynaptic terminals (Maximov and Bezprozvanny, 2002) . If interactions of the VSNL sequence with PDZ-proteins are at all involved in the regulation of Ca V 1.2 expression in the postsynaptic compartment, then the increased density and size of Ca V 1.2-HA(⌬VSNL) clusters observed here would indicate a limiting role in channel targeting or stabilization. Interactions between VSNL with a PDZ protein could either reduce the insertion rate of Ca V 1.2 into dendritic clusters or increase its turnover and internalization.
By themselves, the mutagenesis experiments do not exclude the possibility that interactions of the leucine zipper and VSNL cooperate in anchoring of Ca V 1.2. However, Ca V 1.2-HA clusters also remain stable when AKAP79/150, PSD-95, and other scaffolding proteins are removed from dendritic spines upon NMDA application. Therefore it is unlikely that interactions of AKAP79/ 150 and PDZ-proteins with these or any other binding sites in Ca V 1.2 (Hall et al., 2007) are required for stabilizing the channel in dendritic spines. This raises the question which other proteins might be responsible for anchoring Ca V 1.2 clusters in the postsynaptic compartment. One possible candidate is the auxiliary calcium channel ␤ subunit, which is essential for membrane expression of Ca V channels (Leroy et al., 2005; Obermair and Flucher, unpublished results) , and may serve as adaptor for other scaffolds or signaling proteins. However, due to the high sequence homology between the ␤ isoforms and the great promiscuity of their interactions with all high-voltage-activated calcium channels it is unlikely that ␤ subunits determine the specific localization of Ca V channels in distinct neuronal compartments.
Moreover, our experiments indicate that Ca V 1.2 clusters are stable regardless of the activity-induced changes in the postsynaptic compartment of glutamatergic synapses. NMDA-induced remodeling of the postsynaptic density ultimately results in the endocytosis of AMPA receptors (Colledge et al., 2003) , and is therefore used as an experimental paradigm to induce LTD (also termed chemical LTD; Lee et al., 1998) . Interestingly, the Ca V 1.2 calcium channels, which are involved in the signaling of longterm potentiation of synaptic strength (Impey et al., 1996) , are not subject to downregulation during chemical LTD. This conclusion is in apparent conflict with the results of a recent study reporting an activity-induced downregulation of calcium currents in cortical neurons that was accompanied by an increased turnover rate and an internalization of Ca V 1.2 channels (Green et al., 2007) . However, that study was performed on immature cortical neurons and Neuro2A neuroblastoma cells, and the effects on channel expression were not specific for Ca V 1.2. Therefore, it Figure 7 . Differential effects of NMDA-induced synaptic remodeling on Ca V 1.2 and glutamate receptor signaling complexes in dendritic spines. A, Ca V 1.2 and glutamate receptors form separate signaling complexes in dendritic spines. Both are associated with PDZ-proteins and an AKAP79/150/PKA/calcineurin complex. In Ca V 1.2 a PDZ protein interacting sequence is necessary for activating the transcriptional regulator CREB, and AKAP79/150 interactions are necessary for activating NFATc4. B, Strong stimulation of NMDA receptors activates CREB as well as the disassembly of the glutamate receptor signaling complex. AKAP79/150 is relocated from the spine into the dendritic shaft, PSD-95 is degraded, which in turn causes the internalization of AMPA receptors and long-term depression of synaptic strength. The calcium channels clusters in the spines are no longer colocalized with AKAP79/ 150; however, their size and localization within the spine remains unaltered.
is likely that the effects observed in that study resemble a developmental change in channel expression patterns, possibly induced by the onset of electrical activity. In contrast, here we studied the membrane expression of Ca V 1.2-HA in the context of mature glutamatergic synapses, and find that during NMDAinduced synaptic remodeling of the postsynaptic compartment clusters of Ca V 1.2 calcium channels in dendritic spines remain stable.
Together with recent findings on the signaling pathways of L-type calcium channels in neurons our current results allow drawing the following picture of the Ca V 1.2 signaling complex in the postsynaptic compartments of excitatory hippocampal neurons (Fig. 7) . Clusters of a small number of Ca V 1.2 channels are found along the soma and dendrites of differentiated hippocampal neurons, including dendritic spines (Obermair et al., 2004; Tippens et al., 2008) . However within the spines Ca V 1.2 clusters are not colocalized with PSD-95, indicating that they are not part of the glutamate receptor signaling complex. A distinct localization of Ca V 1.2 and glutamate receptors is consistent with their specific roles in signaling to the nucleus (Graef et al., 1999; Weick et al., 2003; Oliveria et al., 2007) , as well as with the finding that activation of L-type calcium channels, but not strong activation of NMDA receptors, leads to the depression of R-type calcium channels in dendritic spines (Yasuda et al., 2003) . Only if Ca V 1.2 and NMDA receptors are spatially separated, it is conceivable that calcium nanodomains in the immediate vicinity of these channels can activate distinct signal transduction pathways. This may in part be achieved by their association with distinct PDZ-proteins (Colledge et al., 2000; Weick et al., 2003) . Nevertheless, Ca V 1.2 and glutamate receptors use the same AKAP to recruit protein kinases and phosphatases to either signaling complex. AKAP79/ 150 is colocalized and functionally interacts with both Ca V 1.2 and the AMPA receptor (Bauman et al., 2004; Hall et al., 2007; Oliveria et al., 2007) . In the case of Ca V 1.2 this signaling complex is involved in the phosphorylation and modulation of the calcium channel in response to ␤-adrenergic stimulation (Davare et al., 2001; Oliveria et al., 2007) , as well as in the activation of the transcriptional regulator NFATc4 (Graef et al., 1999; Oliveria et al., 2007) . Stimuli that induce chemical LTD not only lead to the degradation of PSD-95 (Colledge et al., 2003) , but also remove AKAP79/150 from the spine (Fig. 7B) . Therefore it is expected that this process disrupts PKA and calcineurin-dependent signaling in both the glutamate receptor as well as in the Ca V 1.2 signaling complex. In the glutamate receptor complex this causes the removal of AMPA receptors from the postsynaptic membrane. However targeting and membrane expression of the Ca V 1.2 channel remain unaffected by this form of NMDA-induced synaptic plasticity. The stability of Ca V 1.2 clusters in dendritic spines may be important for synapses weakened by LTD, to be strengthened again during subsequent reinforcing stimuli.
